The impact of temperature on the mechanical properties and thermal susceptibility of the railway bituminous sub-ballast layer, has served as motivation to develop the advanced measurement of thermal cycles in this layer and, an evaluation of the average seasonal temperatures interpolated by sinusoidal functions, of which characteristic parameters are determined. According to weather situation, Barber's temperature model was used to prove the effectiveness for the railway superstructure. It is included the assessment of improved modified asphalt mixes performed with coarse rubber from scrap tires, having 1.5 to 3 percent of crumb rubber (particle size 0.2-4 mm) by weight of the total mix, as sub-ballast layer in railway and base layers on roads, recurring to the Superpave mix design compaction enhanced after computer simulations to evaluate real stresses derived from the rail traffic and climatic conditions. This article following the assessment of the average seasonal temperatures, involves the characterization of rubberized materials with attention to crumb rubber properties, designed with dry technology, to enhance the bitumen-rubber and binder-voids ratios. Indirect tensile strength and water sensitivity tests were applied for the evaluation of its mechanical properties including dynamic complex modulus at elevated temperature to measure the amount of bitumen absorbed by the rubber. The rubberized mix-results obtained and the comparison with a conventional HMA (hot mix asphalt) show that these dry rubber bituminous mixtures are particularly effective in damping vibrations. The purpose of using rubber modifiers in hot mix asphalt to obtain a stiffer-elastic sustainable material has been achieved for the assessment of its behavior in sub-ballast/base layers.
Introduction
Sub-ballast layer is a key element of the track and its performance dramatically affects the reliability and durability of the whole infrastructure, which plays a that may provide additional benefits to the subgrade protection and track performance (Fig. 1 ).
This has an important effect on slowing down the deterioration process over the track's service life [2] . The bituminous sub-ballast is composed of a dense-graded bituminous mixture similar to the base course for road pavements [3] . The bitumen in the sub-ballast is normally increased to 0.5% compared to the base layer and the air voids decreased to 1%-3% to enhance the impermeability of the layer [4] . This results in a mixture characterized by a medium permanent deformation resistance. However, rutting does not represent a main concern in the track-bed because the presence of the ballast distributes pressures of axle loads over a wider area.
Other studies have observed that the use of HMA as a sub-ballast allows for a reduction in vibration levels throughout the track, therefore reducing noise [5] .
Considering these aspects, the use of bituminous sub-ballasts improves the track quality and durability (higher protection of the subgrade in terms of load dissipation). This leads to reduced maintenance interventions, improving adherence to track geometric parameters [2] .
Advantages of Bituminous Sub-ballast
Traditional railway track generally consists of rails, sleepers, fastenings, ballast and a formation layer over the ground. The characteristics of materials and the thickness of the layers composing the railway track structures are very often assigned by practice [6] . The constant demand in high speed and loading capacity increasing, involve the incorporation of the required sub-ballast layer. The thickness of granular layers between sub-ballast and ground has been increased in modern tracks with the aims of obtaining higher bearing capacity, quality and durability of the system [7] . With this same objective, other configurations such as track with bituminous sub-ballast are becoming widely used in the construction of new railway lines all around the world [3, 8] . About this trend, it should be also considered that all these changes in the railway section lead, in addition to the increase in bearing capacity, to the modification of other important track parameters such as the vertical stiffness [9] , defined as the ratio between a vertical track load and the track deflection caused by the load.
In the case of ballasted tracks, sub-ballast layers are determining elements in the mechanical performance of the track and for the protection of the ballast. Using bituminous mixtures for sub-ballast layers has been identified as a possible solution for the necessary enhancement of the track structure.
A substantial amount of this development research has been conducted during the past 25 years [10] .
Asphalt underlayment has shown to be applicable to track features with weak subgrades, soft soils and poor drainage. From a theoretical and mechanical consideration, the effects of sub-ballast layer can be related easily to the main track design parameters [11] :
 Vertical stresses on the ballast (permanent deformation and possible track settlement as indicators of posterior maintenance needs);
 Horizontal tensile strains on the sub-ballast (as an indicator of fatigue effects and reduction of service life); 
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 Vertical stresses on the sub-grade (as an indicator of subgrade long-term performance and track maintenance costs).
Analyzing the Conditioning Factors
The performance of asphalt pavements is greatly influenced by temperature distribution and environmental conditions to which it is exposed.
Barber [12] observed that pavement temperature fluctuations roughly followed a sine curve with a period of one day. A good estimation of asphalt surface temperature was observed by including both the solar radiation and the air temperature in the model.
Pavement temperatures are of interest linking with the stabilization, curing and moisture movements of bituminous sub-ballast layers [12] .
Straub et al. [13] developed a computer model to predict pavement temperatures based on air temperature and solar radiation. It was found that the surface temperature measurements need to be made at the surface to achieve a good correlation with solar radiation. Also, the pavement temperatures at various depths of an asphalt pavement were found to be independent of the thickness of the asphalt pavement. Furthermore, the results indicated that solar radiation had a greater effect on pavement surface temperatures than air temperatures.
Williamson [14] developed a model to predict pavement temperature at various depths using finite difference techniques. Inputs for the model included climatic parameters as well as the thermal properties of the pavement. One of the most important environmental factors that significantly affect the mechanical properties of asphalt mixtures is temperature [15] . Thus, accurate prediction of the temperature distribution within the pavement structure is important.
The properties of asphalt mixtures change significantly with temperature variation. Bituminous mixtures suitable for railway sub-ballast are often brittle and susceptible to cracking at low temperatures, in addition to being prone to permanent deformation at high temperatures.
Precise prediction of asphalt pavement temperature at different depths based on air temperature measurements can help engineers to perform retroactive calculations of the bituminous mixtures module and to estimate pavement deflections [16] .
Temperature is very important to the selection of the long-term grade performance values of the pavement. As HMA is a viscoelastic material, the structural or load-carrying capacity of the pavement varies with temperature [17] . The bearing capacity of each layer is influenced by climatic conditions regarding two different aspects [18] :
 Thermal regime, in relation to the thermal susceptibility and the thermal behavior to the generated deformations in the cement bound materials;
 Moisture regime, in relation to the influence of water content on the physical and mechanical properties of the granular materials.
So, climatic factors that may influence the pavement thermal regime of the railroad are air temperature, solar radiation, and wind speed.
Optimizing of Rail Track Design
The railway structure seeks to optimize a reliable performance, the thickness of each layer to withstand allowable stresses throughout the railroad track and contain the deformation due to traffic loads and temperature oscillations. In this way, the properties of the material must be defined by layers, optimizing according to their mechanical behaviour, which compose the structure of the track, both to verify the resistance to fatigue common in the railroads and to calculate the permissible deformations in high structures speed.
In fact, by changing the characteristics of the materials constituting the railway sub-structure, the size of the structure and maintenance costs are increased due to induced stresses from railway traffic and consequent deformations [19] .
The use of different types of sub-ballast (granular or bituminous) caused low variations in bearing capacity, while the incorporation of an elastic layer as rubberized asphalt under the sub-ballast causes an important reduction in the bearing capacity of the system, being more remarkable when softer elements are used.
Problem Statement 01
Background of Temperature Profile Models
Some of the temperature models are based on mechanistic methods, energy balance and finite difference equations, whereas others are purely empirical regressions [20] . A mechanistic method is structured in the identification and collection of input data, the calculation of the stresses and strains in all layers and, finally, on determining the design life considering the most critical conditions.
The widespread use of computer programs with widely validated theoretical models has now led to misgivings about experimental methods. The modifications include the incorporation of current best practices and presenting the engineer with guidelines on how to determine input parameters, which are normally difficult to obtain [21] .
The inputs required for the model included the shortwave and long-wave back radiation, convection, air temperature, material unit weight, moisture content, material classification, thermal conductivity, and heat capacity of the pavement material.
A simulation model that predicts pavement temperatures during summer condition based on the finite difference approximation of the heat transfer equation was presented by Hermansson [22] . Input data to the model are hourly values for solar radiation, air temperature and wind velocity. A good agreement between the measured and calculated temperatures was observed. The solar radiation and the depth within the pavement were also incorporated.
Ferreira et al. [23] analysed through an FEM (finite-element model), the long-term deformational behaviour of the subgrade, to assess the effect of different solutions in the performance of railway track-bed layers resulting from environmental effects (atmospheric actions and phreatic level variations) when modelling superficial drainage systems that enable the runoff of excess rainwater.
The advent of the Superpave (Strategic Highway Research Program) steered research in a slightly different direction. The performance-type specifications developed for asphalt cements required that a certain grade of asphalt binder perform over a given range of temperatures. For pavement engineers, knowing the upper and lower temperatures that a pavement would be exposed to became important.
Considerations for Railways
The primary modes of heat transfer are incident solar radiation, thermal and longwave radiation between the railway surface and the environment, convection due to heat-transfer between the pavement surface and the air fluid that is in contact with the surface, and conduction inside the pavement.
After these considerations, an assessment of the thermal model developed to predict max/min temperatures on the railway trackbed is necessary.
Among the most common measures, we considered temperature, relative humidity, atmospheric pressure, wind speed, wind direction, precipitation, and hours of sunlight [24] . The selected typical 12 months were chosen from statistics determined by using five elements: global horizontal radiation, direct normal radiation, dry bulb temperature, dew point temperature, and wind speed. These elements are considered the most important for simulation of solar energy conversion systems and building systems.
Crispino [25] measured the thermal fluctuations of sub-ballast layer, to evaluate the average seasonal temperature. It is of interest to investigate, compare, and assess the performance of his proposed model based directly on a realistic correlation between climatic conditions at a given location and sub-ballast performance (the analysis included the solar radiation and air temperature providing reasonable estimates of surface temperatures).
Objectives
A complex study has been developed that covers two different but parallel aspects for the characterization of bituminous mixtures in the railway sub-ballast.
The present study, therefore, is divided in a first part, that studies the aspects of traffic and temperature by means of modelling with the aim of representing the real conditions in that layer of the rail profile and, a second part, that represents the mix-design (volumetric criteria and post-compaction) of the mixtures in the laboratory using the Superpave compaction technique, developed in this work exclusively for the railway sector, since until now it is applicable only on roads.
In this research, one of the crucial issues is to evaluate the distresses inside the railway section, The analytical model to forecast temperatures proposed by Barber [12] , which al-ready validated pavement structure, is used in this research to calculate rail stresses on railway track for the past three decades.
In this overall framework, attention must be paid to the bituminous materials. They are characterized by thermal susceptibility; thus, it is necessary to know the temperature within the layer and the relationship with the mechanical characteristics. In this paper, Barber's theory [12] was used to determine the temperature in the road base course, and the modifications purposed by M. Crispino were applied in the sub-ballast layer [26] . By means of a comparative analysis by simulating the thermal sub-ballast and road-base layer behaviour respectively, of known thermal properties, was possible to predict the maximum and minimum pavement temperatures, which obtained results are illustrated after different computer simulations, including the average seasonal temperature evaluation. It is shown to be well interpolated by sinusoidal functions, from which, the characteristic parameters are determined.
In the last chapter, is illustrated by an example that corresponds to three different traffic lines in the Sicilian traffic network (Palermo-Messina, Catania-Messina and, Siracusa-Catania main rail lines), and according to the Italian standard code for bituminous mixes in sub-ballast layer.
This research, after evaluating the optimal parameters of temperature and traffic that should characterize the optimum mixture for a sub-ballasted layer, in parallel, provides an advance in the development of a new methodology for the bituminous sub-ballast to adapt the Superpave mix-design approach (exclusively for roads) also to the railway system. The application of these procedure is needed for the Superpave mix-design of the underlayment in optimal conditions of manufacture.
For this purpose, a study was conducted with a hot mix asphalt conventional (unmodified mixture) and three different rubber modified asphalt concrete mixtures, performed with coarse rubber from scrap tires, containing 1.5 to 3 percent of crumb rubber (particle sizes between 0.2-4 mm) by weight of the total mix, as sub-ballast layer in railway and base layers on roads of similar characteristics, but which varied in type of coarse aggregates and amount of rubber used.
Methodology for a Temperature-Traffic Modellization
Track-Bed Model
The linear viscoelastic behavior of a bituminous mixture is a first step to the understanding of the elastic-plastic mechanical performance of high-speed line tracks with bituminous layers. Although its response is better described by viscoplastic constitutive laws accounting for temperature effects, for this analysis is assumed a linear elastic model [27] .
The dimensioning of the rail sub-ballast requires the determination of temperature in accordance with the prediction model reviewed. Due to the extensive tension analysis for the road model, as well as temperature studies for the tread layer, we have chosen to validate the railway model by adopting a multi-layer system that allows comparing the base layer and the sub-ballasted layer to stress-strain level.
The track system model is divided from top to bottom in rails, springs (tie plates/pads), ties, and layered support system components. Rail, pads and sleepers are modelled as prismatic elements with an isotropic linear elastic constitutive model by finite elements for trackbed design.
The railway and road structures are modelled as a multi-layer system from which the properties of each layer can be defined. The two sections (types and thicknesses of layers) and the solicitations points are shown in Fig. 2 .
Fatigue cracking and rutting at low-high temperatures, respectively, are two of the most common causes of asphalt failure in flexible pavements [28] . Cracking of hot mix asphalt is not desirable because it causes the infiltration of water and the subsequent weakening of the subgrade.
It is therefore necessary to study the rail traffic (to determine the railway equivalent single axle load, R ESAL ), from a particular analysis of the geographical area where the infrastructure to be analyzed is located, and then depending on the climatic situation parameters, the stress-strain behaviour at the bottom of the base course and sub-ballast by performing several simulations is studied.
The minimum thickness of a hot mix asphalt sub-ballast layer will depend on the subgrade support. A poor subgrade requires a thicker sub-ballast, which can cause stress concentration and may not increase the fatigue life, so that it can be properly compacted.
3.1.1 Stress-Strain Behavior of Railroad Layers Railway track structure can be calculated by elastic multi-layer theory, defining each layer by its thickness, elastic modulus and Poisson's ratio [29] . The pressure transmitted from trains by rail, sleepers and ballast can be considered uniformly distributed over a circular area (same vertical and shear stresses, same vertical and radial displacements).
Stresses and strains can be calculated in railroad materials for each layer of the track formation by means of structural analysis [30] and the finite element method, thus, tensions and deformations were calculated in every point of the trackbed [31] as shown in Fig. 3 . These values will then use for calculating the allowable number of load repetitions for fatigue verification in every point of the track-bed [32] of the railway track structure. 
KENPAVE
® is a software that determines stress-strain-deformations in flexible-rigid pavements [33] . KENTRACK ® is for the analysis and design of railway track-beds [4, [34] [35] [36] , that provides a rational method for designing a railway track for different loadings and layer materials. It is a layer elastic finite element based computer program that can be utilized for a performance structural design and analysis of railroad trackbeds. Kentrack, as a computer program for hot-mix asphalt in conventional ballast railways, determines the tensile strains at the bottom of the asphalt layer, a reliable indicative of potential fatigue cracking at low temperatures [10, 20, 34, 35, [37] [38] [39] .
In order to find the standard axle load for railways that produces the same solicitations in road pavements, several simulations were run using both computer programs, considering a number of axle-passages between 80 kN (roads) until 200 kN (railways).
One hundred cycles were imposed to avoid the cumulative damage effect. The software simulations were carried out considering the air temperature equal to 0 °C (low temperatures representative) and 35 °C (high temperatures representative).
The horizontal tensile strains and the deflections produced in the road and railway structures were compared. The tensile strain at low temperature defines the railway equivalent single axle load (R ESAL ) because it is the critical factor governing cracking and fatigue.
The vertical displacement at high temperature is the factor that characterizes the permanent deformation or rutting. The results are shown in Fig. 4 and Table 1 .
As it is possible to see from Fig. 3 , the road deformations find the homologue for railways with an axle between 14 to 18 t, the average weight is equal to 15.98 t, thus 16 t has been selected as the reference R ESAL for standard axle-rail predominant in the case study of Sicily. By chance, in the following section we see that this standard axle also concurs with the train model characteristic of the Italian railway lines.
Traffic Spectrum
The traffic information to be used for the thickness design includes the magnitude of wheel loads and the number of repetitions per year. The trains considered for the case study were high-speed trains that are operating on Italian lines.
The load for the conventional Italian passenger train consists of two (160 kN) wheels in a group on each side, spaced at 60 cm on rail. The loading system of the FEM model implemented in KENTRACK 4.0 [34] was designed considering the long-distance intercity Because the critical strain and stress under the two wheels in one car are greater than those under four wheels in two adjoining cars, only two wheels are used for the design purpose. For this purpose, it was necessary to define a complete set of information regarding all the components and the materials involved in the systems. In addition, selected parameters can be varied in magnitude and the relative influences evaluated.
Based on the standard input parameters, asphalt underlayment trackbeds can be analysed by varying parameters such as axle load, subgrade modulus, layer thickness, etc. The principal parameters (road-railway) used to create the reference sections are demonstrated in Tables 2 and 3. 3.
Project Traffic of Rail Lines
The definition of project traffic must include a condition of effective loads and the number of movements of each train that will use the infrastructure during its useful life. Traffic forecasts should be referred to the various areas of the railway to differentiate the stress conditions to which each of them is subjected.
The amount of traffic is measured in terms of the number of repetitions of application of loads of different axles. So, the assessment of traffic implies knowledge of:
 the number of vehicles by year;  the growth rate of the rail industry;  the average number of axles/vehicle;  the spectrum of axle loads;  the transverse distribution of loads;  the time horizon of the useful life; Three different traffic lines in the Sicilian network were investigated and their traffic spectra were converted to RESALs (rail equivalent single axle loads). The frequency of the passage (f k ) of the k-axle load, defined as the ratio between the number of axle-steps and the total number of the axle-passages for 100 vehicles passing, is calculated using the following Eqs. (1)- (4): 
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where: T D = total number of load passages expected over the entire service life (-);
T HV = average daily traffic in the year of the construction (-); Rt = annual growth rate of traffic (-); n = 30 years design life (year); N D = RESALs at the end of the service life (-); n j = number of passages of the j-axle; f j = frequency of the j-axle; P k = k-axle load (kN); P r = axle load of the reference axle (kN); A = coefficient of aggressiveness of railway traffic; γ = coefficient for flexible bituminous railway and for flexible pavements (5-6, respectively); and f k = frequency of passage of the k-axle load (-).
An example, for a highway outside cities, the coefficient of aggressiveness, A, is around 1.57. For a main rail-line, the value obtained is around 0.30, considering the different γ coefficient, respectively, according to the 1993 AASHTO Guide for Flexible Pavement Structural Design.
This coefficient for flexible bituminous railway and for flexible pavements depends on the pavement structure, which is characterized by the SN (structural number), an abstract number expressing the strength required for each soils support, given a traffic and serviceability combination. So, for flexible roads, is adopted the value of 6 but in railways a coefficient value of 5 is indicative of the structural rail strength, considering the subgrade support, the service life and layer structure.
The results of the traffic spectrum for the main line considered are shown in Fig. 6 .
Railway Traffic Design Life
The design life depends on the railway type and the traffic level, generally, it is longer for the railroads with major traffic to cause the least interference to the exercise due to rehabilitation maintenance works. Generally, the design life is 50 years for the high-speed lines and 30 years for the ordinary lines [40] . 
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The design life is expressed by the number of load repetitions for all the foreseen traffic load combinations and environmental conditions (temperature, moisture, etc). Prediction of structure distresses and maintenance throughout its lifetime can be performed according to the allowable number of load repetitions [40, 41] .
Increasing axle loadings result in increased subgrade stresses and asphalt tensile strains increased. The predicted asphalt lives are marginally reduced with increased loadings. The detrimental effects of the higher axle loads can be offset by increasing the effective stiffness of the subgrade.
The traffic level expected over a 30-year period for the three main-lines considered, is summarized in Table 3 , adopting a traffic growth rate equal to 0%, 0.2%, 0.4%, 0.6%, 0.8% and 1% (Table 4) .
Subgrade Bearing Capacity
The subgrade provides the roadbed upon which all other components of the track structure are placed and has a significant impact on the track's ultimate quality and required maintenance [38] .
The loading characteristics of the track dictate the required quality of subgrade. These include the type of transport (freight or passenger), train speed, axle loads, train configuration, wheel condition, tie spacing, and rail condition.
In the layered system, the subgrade is assumed infinite in the vertical downward and horizontal directions. The other layers are assumed finite in thickness but infinite in areal extent. Full continuity is assumed at each interface between the layers. The mechanical behavior of the subgrade depends on:
 geological nature and its elastic properties;  susceptibility to water;  levels of stress transmitted;  the duration and the speed of the loads;  the number of repetitions of each load. Although the layer system is assumed to be infinite in areal extent, while the asphalt material is of limited width, this assumption should not affect the accuracy of the results if the rail load is applied more than 0.9 m from the edge. Strength and deformation properties are both important in measuring subgrade performance. The distinction between strength and stiffness is important to understand in railroad subgrade design.
Bearing capacity is the general indicator of strength, while elastic deformation per applied load intensity is represented by the soil modulus. It should also be noted that the stratification of the subgrade may also affect track performance [42] .
3.1.6 Analysis of Thermal Contribution Due to the existence of ballast aggregates for underlayment, the hot mix asphalt and subgrade in railroad trackbed are better protected from environmental effects as compared to highway pavements. The most important effect is the temperature of bituminous sub-ballast, which affects its elastic modulus.
The simulations with KENPAVE and KENTRACK have been fixed to two air temperatures, which represent the average effective temperatures according to the calculation of the Barber Eq. (5), with the minimum temperature being 0 ºC and the highest temperature considered 35 ºC, respectively: 
where: * means values of absorptivity in the case of railway sub-ballast, equal to 0.21 [25] , and 0.9 [12] . 3.1.7 Mechanical Properties Sub-ballast and subgrade are considered as linear elastic materials. The bedrock is assumed incompressible with a Poisson's ratio of 0.5. Ballast in a newly constructed trackbed behaves non-linearly while in an aged trackbed, it behaves linearly due to being well compacted.
In the asphalt layer, the tensile strain at the bottom of the asphalt layer controls its service life. The design method presented for the standard case study was used under various conditions of traffic, subgrade and climate ( Table 5) .
The value adopted for the bituminous Poisson ratio (ν = 0.4) is the same value used by Rose et al. [43] when validating substructure computer model stress values through in-situ measurements.
Viscosity temperature susceptibility method is used to estimate viscosity of different asphalt binders/cements. The Witczak-E * predictive model for asphalt was specifically incorporated in the updated version. The modulus increases using the new E * predictive model, thus asphalt becomes stiffer, leading to the decreases in asphalt tensile strains and increases in predicted service lives.
To accurately model the asphalt, different temperatures should be used for the different periods since the dynamic modulus is dependent on the temperature. Afterwards, it was possible to calculate the mechanical characteristics of the bituminous materials with the Witczak predictive model [44] based on the volumetric properties of the mixture and the binder characteristics (Eq. (6)). The complex modulus has been identified as a main parameter for calculating the response of a bituminous structure to traffic loading as well as its resistance to rutting and fatigue [45] .
Properties of asphalt binders and mixes are incorporated into Wictzak predictive E * model to determine asphalt dynamic moduli as an integral step in model evaluation and validation [46] . It is noteworthy that variables related to aggregate gradation ( 200 , 4 , 38 , 34 ), mix volumetric (volume of air voids, V a , and volume of effective bitumen, V beff ) have the most influence on the E * stiffness of asphalt mixes. Table 6 shows the temperatures, Poisson's coefficient and modulus of elasticity of each layer of bituminous material at the two frequencies representative of 0 ° C and 35 ° C. These values are obtained through the simulations with Kenpave and Kentrack.
Temperature Validation Results
The thermal regime within the pavement is governed by the physical, chemical and thermal properties of the layer materials, as these affect the process of propagation of the temperature in the sub-ballast and the substrate. The operating methodology to calculate the temperature gradients is composed of different stages:
 Acquisition from the last 30-years of meteorological temperature values (operated by Sicilian and meteorological Information Service, SIAS (Servizio Informativo Agrometeorologico Siciliano));
 Meteorological data processing, dividing the year and calculating the average max/min temperatures Tª max/min for each year-period;  Calculate the average air temperature T a(p) of the seasonal periods;
 Temperature inside each layer, in function of the relative average air temperature for each period, using Barber equation.
Certain limitations are solved such as the fluctuations in temperatures that can significantly affect the layer stability, or the different conductivity of the materials. Each simulation for different temperatures (0, 10, 20, 30, 35 and 40 ºC), has considered that in the case of roads and rail, the depth of interest is 31 cm and 47 cm, respectively. Table 7 show the results of temperatures by Barber-Crispino models.
The results after comparison between railway sub-ballast bottom layer and road base bottom layer are represented in Fig. 7 . (Fig. 8). 
Problem Statement 02
Superpave Mix-Design for Railways
SGC (Superpave volumetric mix design) is the key step in developing a well-performing asphalt mixture [47] . It was developed as the optimal laboratory tool that more closely simulates field compaction of asphalt mixtures. The SGC is a 1.25º fixed angle, 600 kPa pressure and rate of gyration (30 rev/min) compactor that creates samples 150 × 120 mm in diameter × target height. The compacted samples are measured for specific gravity and the volumetric properties are calculated. The SGC also provides the ability to investigate the aggregates properties at void levels representing construction throughout its intended life cycle. As the traffic level for the designed rail track increases, the design requirements increase to improve reliability. At the higher traffic levels, extensive performance testing is recommended to assure the highest reliability. A unique feature of the Superpave system is that its tests are performed at temperatures and aging conditions that more realistically represent those encountered by in-service sub-ballasts.
The following case study describes the use of a Superpave performance model to support the fatigue racking distress in railway section, considering the environmental parameters and performance prediction model established.
In recent years, several research efforts have been employed to investigate and refine the Superpave mix design system of HMA for new construction [48] .
In predicting performance for multilayer, specific ground rules govern the treatment of the main layer distresses: permanent deformation, fatigue and low-temperature cracking. Superpave allows to identify the input for the material properties for each layer below the asphalt layer, and would be extended to the prediction of fatigue cracking as main distress.
The values established in the original regulations of Superpave contemplated diverse levels of gyration, that represent seven traffic levels for each of four climates. In the years following the improved N design value, the climatic region factors were eliminated and incorporated in the bitumen selection process depending on the PG (performance grade). Table 8 shows the recent compaction parameters to be set up when using Superpave gyratory compactor [49] . The number of gyrations is selected based on the traffic level calculated.
A relationship has been established between the number of maximum RESALs determined for the rail (a) For the past years, trackbed construction has used the Superpave PG system based asphalt binders. Therefore, the program maintains the previous asphalt grading system and incorporates information of the new asphalt grading system for comparison purposes [47] . In this study, the recent updates of Superpave values were applied. Once the traffic spectrum was converted in RESAL , it was calculated the N design . Therefore, considering the logarithmic regression from the interpolation of the values of ESAL-N des [49] , it has been determined a correspondence between the R ESAL s and number of gyrations (Fig. 10) .
Using the values as shown in Table 4 , the N design for the bituminous sub-ballast was calculated with each value of RESALs. The traffic growth rate was selected equal to 1%. Thus, based on the results N design for the Sicilian traffic (see Table 3 ) and temperatures, the energetic parameter for compaction is equal to 100 cycles.
A correspondence between the number of compact-gyrations and the rail axle load value found, has been defined as is shown in Fig. 11 for the three track lines studied (Palermo-Messina, Catania-Messina, and Siracusa-Catania). 
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Experimental Results & Design
Materials and Mixture Design
During these study, different mixes were characterized by volumetric mix-design, obtaining optimal mixes with diverse amounts of asphalt binders (4%, 5%, 5.5%, 6%, 6.5% and 7% of total binder weight), and diverse quantity of rubber proportion (0%, 1.5%, 2% and 3% of the total weight of the aggregates in volumetric substitution) was studied. The mixture design was developed and performed at the Laboratory of Materials and Civil Engineering of the University of Palermo (Italy).
Using these amount of binders, six different bituminous mixtures (1 HMA RFI b.4%, 1 DRY 1.5% b.5%, 1 DRY 1.5% b.5.5%, 1 DRY 2% b.6%, 1 DRY 2% b.6.5%, 1 DRY 3% b.7% mixtures) were manufactured to assess the influence of the rubber on the performance of the rubberized asphalt materials by dry process for a bituminous sub-ballast layer. The reference mixture is a conventional hot mix asphalt without rubber as dense graded mixture with a limestone nature of aggregates, with a 4% of a conventional bitumen B50/70 in accord with satisfactory previous studies.
The manufacturing process with the rubber involved a protocol in order to better homogenize the aggregates with rubber by dry technology and enhance the digestion process, to provide final cohesion and optimal compaction. The specifications for the bituminous sub-ballast are defined by the RFI (Italian standard). This standard is based on the results of the Marshall and water sensitivity tests, and it specifies a minimum void content between 3%-5%. Through selection and prior testing of the inert material, the individual fractions of aggregates were combined in precise percentages individually, to produce asphalt mixtures, which exhibit adequate levels of inert interlaced material (Table 9) .
These mixtures were optimized in laboratory after testing different binder's content to relate the compaction and volumetric characteristics with changes in the coarse-fine gradations and the corresponding ratios of filler-aggregates.
The DP (dust proportion) was measured as a parameter that affects the mix properties. An excessive dust dries out the mix reducing asphalt film thickness and durability. DP is determined as the ratio between P 0.075 , the aggregate content passing the 0.075 mm (75 μm) sieve, and P be , effective asphalt binder content, both as percent by mass of aggregate, to the nearest 0.1%. For each mixture, the values of DP were between 0.7 to 1.4, within the acceptable values required for optimum durability for sub-ballast.
The mixtures for the characterization of air voids, the dust-to-asphalt ratio, the study of aggregate voids, VFA (voids filled of asphalt) and VMA (voids in the mineral aggregate) percentages, were performed until satisfactory results (Table 10) .
When the binder and aggregates have been selected for the asphalt mixture, they must be combined to produce the optimum mixture properties.
The SGC is used to determine the optimum mixture. Once the overall procedure for the Superpave mix design calculation was defined, a laboratory verification was conducted. The methodology was applied to determine the number of gyrations in the specific case of the track line connecting Messina and Catania, with a traffic growth rate selected equal to 1%. The specifications for the bituminous sub-ballast are defined by the (RFI).
The Superpave mix design system contains specific performance related characteristics in selecting acceptable aggregate materials (washed sieve analysis of all fractions, mineral dust filler, control points, Fuller's curve (n = 0.45)…).
In this research, the grading curve has been optimized to lower levels within the limits established by the Italian sub-ballast standard (RFI), as is shown in Fig. 12 . fabrication of the bituminous sub-ballast are summarized in Table 11 . The crumb rubber used in this case by dry process had two particle sizes of 0.2-4 mm and 2-4 mm (Fig. 13) .The rubber aggregate with gap-gradation is a two-component system in which the fine gradation is believed to interact with the asphalt cement while the coarse rubber performs as an elastic aggregate in the hot mix asphalt mixtures [50] .
Each mixture has a different proportion of rubber to be representative of the industry conditions, and to ensure the equal distribution during the rubber-bitumen reaction. It should be underlined that the mineral skeletons of the mixes were the same and that the mixes differed in the components proportion, the type and content of binder, with this fact, the comparison of results and the optimization is facilitated. Its properties are shown in Table 12 . 
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Superpave mix-design of the bituminous sub-ballast was carried out, setting the N design equal to 102 (based on the design high air temperature of the paving location, 35 ºC, annual traffic growth rate, 1%, and level of >107 ESALs) for a conventional hot mix asphalt without rubber.
For mixtures with rubber, according to the methodology reflected, the number of volumetric gyrations is increased, to compensate the rebound and relaxation effect of the rubberized mixture after post-compaction, due to the energy accumulated during the compaction, thus avoiding the effect of extension of the mixture during the period of post-compaction.
In this way, the percentage of target voids, the apparent density and the protection of a possible deterioration of the internal structure is maintained. In this case, the values adopted are shown in Table 13 .
Results
The reference mix in this study was a bituminous dense graded mixture for sub-ballast layers according to RFI [39] . This is a hot mix asphalt with a maximum size of 31.5 mm coarse aggregate. Limestone for the fine fraction and a 6.75% amount of filler passing sieve 63 μm. Of this filler, 72% had a particle size smaller than 0.177mm. To guarantee good adhesion and chemical bonding, the mixtures were designed with a fine fraction less than 2 mm.
The manufacturing temperature for a conventional B50/70 bitumen was 160 ºC and the compaction temperature was set at 145 °C, which were carried out with the Brookfield viscometer, according to the viscosity values [51] . The higher temperature thus guaranteed the workability of the mix. After compacting the specimens to N des gyrations, it has been determined the bulk specific gravity (Γ mb ) and the theoretical maximum specific gravity (Γ mm ) of each of the four mixtures (EN 12697-6 ). Comparing the results, the densification curves for each mixture are plotted (Fig. 15) .
The number of gyrations used for compaction was, as we have seen, 102 cycles for the HMA reference mixture, 151 cycles for the DRY 1.5% mixture, 181 cycles for the DRY 2% mixture, and 291 cycles for the DRY 3% mixture, based on this new methodology approach showed before, based on design high air temperature of Sicily and the traffic level in R ESAL s .
A densification curve for each mixture are plotted indicating the measured relative density at each number of gyrations (%G mm ) versus the logarithm of the number of gyrations. Workability, densification and final air voids content are summarized in the next graphs (Figs. 16 and 17) .
To ensure compaction and densification, for each mixture were observed the aggregate interlock, and The air void content around 3%. So, this is reflected in the logarithmic trend equations: Fig. 16 shows a plot of the gyratory compaction curves of the different N des gyration mixes. The compatibility of these mixes is quite different even though they both meet 3% air voids at 100 gyrations (except dry 3%). One mix is much more sensitive to the gyration level than the other. In one case, changing the gyration level will have much less effect on changes in binder content and VMA.
After compaction, each sample was 24h cooled to room temperature without being removed from the mould with the purpose to avoid the bounce back effect due to the swelling of rubber. Because it was observed a dilatation (expansion) of the specimens after 7 days, final air voids are considered to precise the optimal binder content ( Fig. 18 and Table 14) .
From the tests conducted, it emerged that the sub-ballast mixture at N design achieved the target voids content with 4% of bitumen in relation to the weight of aggregates, for a conventional mixture without rubber. To ensure capabilities, the target voids content was lowered from 4% of the original SGC to 3% with the consequent increase of bitumen content as reported in Fig. 19 .
In the rubberized cases, the optimal binder content and mix design specifications are described in Table 15 .
It is the VMA requirement that controls the binder content. The VMA inspects the total voids in the mixture and the air void content (Va), and serves as a check between the void content of the mineral part, the percentage of asphalt and the air voids. If the number of gyrations inside the SGC was lower, the result would be a weaker internal matrix-structure, whose aggregate content would be less homogeneous and the void content would be greater. By means of a correct relation between bitumen and total mass to be introduced in each specimen, an optimum distribution of the percentage of voids and the necessary binder content were obtained. Thus, it is shown in Fig. 19 as an example of optimal bitumen quantity in reference mixture.
This could result in a mixture characterized by a low permanent deformation resistance. However, rutting should not represent a concern in the track-bed because of the presence of the ballast, which allows to distribute the pressure of the axle loads over a wide area.
Finally, the effect of extreme air temperatures is minimized by the presence of the upper layers. The specimens, as a valid criterion of orientation, were developed with 120 mm of height after compaction in analogy of the real thickness of the sub-ballast layer, and a Ø150 mm according to the Superpave gyratory compactor, as shown in Fig. 20 .
For each specimen prepared, the asphalt binder (135-150 ºC), aggregates (160-190 ºC) and compaction moulds (150 ºC) were heated to the proper mixing temperature according to the mixture type and then were removed and stored at room temperature (20 ºC) after 24h of post-compaction.
During mixing period, rubber swells and the amount of bitumen absorbed increased which causes a stiffer residual bitumen that must be controlled. This fact responds to the need to comply with the following optimum manufacturing protocol (Fig. 21) , with the aim of avoiding the absorption effect of the rubber and subsequent structural internal swelling, which leads to deterioration of the specimen.
Moisture Sensitivity
The final step in the Superpave mix-design is to evaluate the moisture sensitivity of the design mixtures by performing AASHTO method of test T283 (resistance of compacted bituminous mixture to moisture induced damage for Superpave) on the design rubber-aggregate structure. One subset of at least three specimens are controlled and subjected to a partial vacuum saturation followed by a 24 hour freeze cycle at 30-40 ºC. In addition, for the different specimens (4 for each mix) obtained from the workability study, its indirect tensile strength, IDT (indirect tensile strength test) (EN 12697-23) was evaluated because it directly measures the tensile strength in the mixing and cohesion steps. An example, for the reference mix, six test cylinders of diameter 101.6 mm and heights ranging from 35 to 75 mm were subjected to compressive loads between two loading strips at a constant velocity of 50 m/min. These tests were run at 15 ºC. Each set of specimens were divided in dry/wet groups conditioned to measure the water sensitivity. The ratio of the IDT (%) of the water conditioned subset compared to that of the dry subset is determined (Fig. 22, Table 16 ).
Water sensitivity test (EN 12697-12) was also conducted for the different mixes in order to evaluate the impact of the rubber on the behaviour of the mixes under the water susceptibility properties for their application in sub-ballast layer.
Conclusions
It has been proceeded to the calibration of the model to forecast temperatures of Barber and Crispino, both for the road-railway structures considering the main parameters of pavement temperature, wind speed, precipitation, air temperature, and solar radiation, as controlled by the thermal properties of the pavements.
The verification of the applicability of Barber forecasting model, which is widely used in the field road, to the case of the railway superstructure on the basis of the complete temperature data (so the four seasons), provides to make available an appropriate measure to estimate temperatures in sub-ballast to be used for different weather conditions.
It has been necessary to understand the effects of the various track components to develop a rational structural design method for railroad trackbeds. These factors include axle load, subgrade modulus, etc. A trackbed that has strong load bearing capacity of subgrade should be able to support heavy tonnage and wheel loads without excessive deformation.
KENTRACK has shown to be applicable for calculating stresses and strains in the trackbed and predicting associated design lives for a specific set of design parameters.
An experiment was conducted through SGC to determine N des . Three premises have been achieved, there was a relationship between pavement densification and accumulated traffic, there was a relationship between the densities of samples compacted in the SGC with/without rubber, and there was a linear relationship between N design and rail design traffic.
The SGC has been used to determine an optimal mixture. After that, the global procedure for the mix design was defined and a laboratory verification was conducted. Based on the results, the methodology proposed is considered successful in estimating the optimal ratio binder-voids percentage in the studied case.
A railway equivalent single axle load for the Sicilian traffic has been defined as the rail axle load that produces the same vertical displacement (w) at high temperature (35 °C) and the same horizontal tensile strain (εt) at low temperature (0 °C) produced by the ESAL (80 kN) in the road structure.
The tensile strain was selected at low temperature as the benchmark parameter for the comparison and for the definition of RESAL because it is the critical factor governing cracking and fatigue. The vertical displacement was selected as the benchmark parameter at high temperature because it is the critical factor governing rutting. According to this procedure, the R ESAL has been defined equal to 16 t.
The rubberized mix-results obtained and the comparison with a conventional hot mix asphalt show that these dry rubber bituminous mixtures are particularly effective in damping vibrations. The purpose of using rubber modifiers in HMA to obtain a stiffer-elastic sustainable material has been achieved for the assessment of its behavior in sub-ballast/base layers.
